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We propose a new spontaneous supersymmetry breaking mechanism, in which extra com- 

i^j pact dimensions play an important role. To illustrate our mechanism, we study a simple 

^ • model consisting of two chiral superfields, where one spatial dimension is compactified 

on a circle S^. It is shown that supersymmetry is spontaneously broken irrespective of 

the radius of the circle, and also that the translational invariance for the iS^-direction 

and a global symmetry are spontaneously broken when the radius becomes larger than 

a critical radius. These results are expected to be general features of our mechanism. 

We further discuss that our mechanism may be observed as the O'Raifeartaigh type of 

supersymmetry breaking at low energies. 
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1 Introduction 

Recently, a very challenging possibility of large-scale compactification has been pointed 
out in ref.|]l|. The authors have discussed consequences of extra large-scale dimensions 
and have proposed phenomenologically interesting scenarios. So, an extremely exciting 
situation will be that not only extra dimensions but also supersymmetry might be observed 
in the near future. If the scale of extra dimensions is not far from that of supersymmetry 
breaking, it will be natural to think that supersymmetry breaking and compactification 
of extra dimensions may have a common dynamical origin. 

The purpose of this paper is to propose a new spontaneous supersymmetry breaking 
mechanism by compactification. Let us first present a key idea of our mechanism below. 
Suppose that an (effective) potential V{Ai) for scalar fields Ai vanishes at some values Ai 
of A-, i.e. 
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One might then conclude that supersymmetry would be unbroken because of the vanishing 
vacuum energy. However, it is not always true. This is an essential point in our mecha- 
nism. Our spontaneous supersymmetry breaking mechanism will be a realization of the 
following simple idea: If there exist some mechanisms to force vacuum expectation values 
of Aj for some j not to take the values Aj, then the vanishing vacuum energy solution A^ 
in eq. (|l|) will not be realized as a supersymmetric vacuum |^ A simple mechanism to force 
vacuum expectation values not to take nonzero constants has been proposed in ref.|0|. 
We shall apply this mechanism for supersymmetric field theories to break supersymmetry 
spontaneously. 

In the next section, to illustrate our mechanism, we shall study a 3+1- dimensional 
Wess-Zumino type model in which one spatial dimension is compactified on a circle S^ 
and show that supersymmetry is spontaneously broken. In Sect. 3, it is shown that the 
translational invariance for the S^-direction and a global symmetry are spontaneously 
broken when the radius of the circle becomes larger than a critical radius. In Sect. 4, our 
mechanism is contrasted with the O'Raifeartaigh mechanism [^. Some comments are 
given in the last section. 



sAn interesting example of such mechanism has been found in a special class of supersymmetric models 
PI , in which would-be supersymmetric vacuum configurations have been removed from quantum moduli 
spaces due to quantum deformed constraints. 



2 A Model 

To illustrate our spontaneous supersymmetry breaking mechanism, let us consider a 3+1- 
dimensional Wess-Zumino type model consisting of two chiral superfields $o and $i. The 
superpotential we take is 

W^($o,$i)=^$o(^-^($i)'), (2) 

where the parameters g and A are chosen to be real and positive for simplicity. This 
model has a global Z2 symmetry 

$0 — ^ +$0, 

$1 -^ -$i. (3) 

It turns out that this global symmetry plays an important role in this model. The scalar 
potential is given by 

y(Ao,Ai) = |Fo|2 + |Fi|2, (4) 

where Aq and Ai denote the lowest scalar components of $0 and $1, respectively, and 

F. ^ -[^^^^^J^gA^^Al. (5) 



Since the scalar potential V{Aq,Ai) would vanish at Aq = and Ai = ±^^^, supersym- 
metry might be unbroken, while the Z2 symmetry be broken, spontaneously. This is, 
however, a hasty conclusion, as we will see below. 

Let us suppose that one of the space coordinates, say, y = x^ is compactified on a circle 
S^ whose radius is R. Since S^ is multiply-connected and the action has the Z2 symmetry 
(§), we can impose the following nontrivial boundary conditions associated with the Z2 
symmetry: 

$o(a;^2/ + 27ri?) = +%{x^,y), 

$i(a:^?/ + 27ri?) = -^,{x^,y), (6) 

where x'^ denote the coordinates of the uncompactified 2+1 -dimensional Minkowski space- 
time. It should be stressed that the boundary conditions (^ are consistent with super- 
symmetry and that the action is still single- valued thanks to the Z2 symmetry (|]). An 



important consequence of the nontrivial boundary conditions (|^) is that any vacuum ex- 
pectation value of $i(a:^, y) (or Ai{x^, y)) cannot be a (y-independent) nonzero constant. 
It immediately follows that (would-be) supersymmetric vacuum configurations Aq = 
and Ai = ±^^^ should be ruled out. If we assume that the vacuum would translationally 
be invariant [], the vacuum expectation value of y4i(x'^, y) has to vanish, i.e. 

{A,{x^,y)) = 0. (7) 

Replacing Aq and Ai by their vacuum expectation values in V{Ao, Ai), we find 

\/((Ao),(Ai)=0) = ^>0, (8) 

which implies that supersymmetry is spontaneously broken, as expected. In this model, 
there is a fiat direction in vacuum configurations since the potential (|]) is independent of 

Another way to see the supersymmetry breaking more explicitly may be to expand 
the component fields in the Fourier- series according to the boundary conditions (^). 

1 oo 

1 oo 

1 OD 

1 oo 

U^>^,y) = -^ J2 X?''\xn e'^''-''>* . (9) 

It turns out to be convenient to divide the Fourier mode a^ into two parts as 

a?~'^ = aL^'-^) + mf-'^ (10) 

with aj_ ~ = aj7 . Then the squared masses for ag " , Xg , a^. ~ and Xi ~ (in a 
viewpoint of the 2+1-dimensional Minkowski spacetime) are given by m^ = f^j , f^j , 

±A2 + |M|2 + r-jpj , |Mp + (^ J , respectively, where M = g{Ao). Here we would 
like to make several comments on the mass spectrum. The first comment is that the 



^This assumption is true only when the radius of the circle is smaller than a critical radius R* = jf^- 
See the next section. 



super symmetry breaking scale is found, from the mass splitting, to be of the order of A. 
The second comment is that the mass spectrum satisfies the following relations [^: 

2 _ 2 

fn (2n) — m- (2n) , 

m^(2i-i) + m^(2i-i) = 2m^(2i-i). (11) 

a_ a, Xi 

The third comment is that the fermionic mode Xo is massless and corresponds to the 
Nambu-Goldstone fermion associated with the spontaneous supersymmetry breaking. The 
bosonic partner a^ is also massless but its origin is quite different. A part of it will 
correspond to the Nambu-Goldstone boson associated with the spontaneous breaking of 
a U{1)r symmetry (with (Aq) ^ 0). The masslessness of Oq is also guaranteed by the 
existence of a flat direction of (^40) (at least at the tree level). The last comment is that 
choosing (Aq) = we find that some of the bosonic modes al might have negative 
squared masses iox R > R' = ^. This observation suggests that the configuration (|^) 
may become unstable for R > R* and that a phase transition can occur aX R = R*. This 
is the subject of the next section. 

3 Spontaneous Breakdown of Translational Invari- 
ance 

In the previous section, we have assumed the translational invariance would be unbroken. 
It turns out that this assumption is not true for R > R*, as suggested in the previous 
section. We shall here discuss spontaneous breakdown of the translational invariance 
for the S'^-direction. To this end, we should take account of kinetic terms as well as 
potential terms since the vacuum configuration might be coordinate-dependent. The 
vacuum configuration will then be obtained by solving a minimization problem of the 
functional f\ 



S[Ao,A,;R] = 
with the boundary conditions 
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Ao{y + 27rR) = +Ao{y), 


Ai{y + 27T 
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(12) 



(13) 



"The f [Aoj^i] may be thought of as a potential in a viewpoint of the 2+1-dimensional Minkowski 
spacetime. 



In the following, we ignore the x^ dependence since we are interested in the vacuum 
configuration, for which the translational invariance of the 2+1- dimensional Minkowski 
spacetime is assumed to be unbroken. We first note that the vacuum configuration for 
Ao{y) and Ai{y) should satisfy the following field equations: 

5S[Ao,Ai;R] (PAqJjj) 2, , m4 / m2 



5Al{y) dy 

_ 5£[Ao,AuR] _ d'A.jy) , 

-rg'(\A,{y)\' + \\AM?)AM- (14) 

If the translational invariance for the iS^-direction would be unbroken, the vacuum ex- 
pectation value of Ai has to vanish due to the boundary conditions (|13D and then the 
functional £[Aq, Ai, R\ becomes 

£\Aq = const, Ai = 0;R] = ^. (15) 
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Using the field equations ([1^) to eliminate the "kinetic" terms in eq.(|12[), we may find 

2vri?A^ ^2-«.„. f^^. ,4 , .,. , ,2! 



S[Ao, A,; R] ^_ = —- dy\'-\A^\' + g'\AoA, 

< S[Ao = const, Ai = 0;R]. (16) 

We have thus arrived at an important conclusion: If there would appear nontrivial solu- 
tions {Ai 7^ 0) to the field equations (0), then Ai = is no longer a vacuum configuration 
and the translational invariance for the S'^-direction would then be broken spontaneously 
(with the Z2 symmetry breaking) since nonvanishing Ai{y) inevitably has the y depen- 
dence to be consistent with the boundary conditions (^). We should again emphasize 
that (would-be) y-independent solutions Aq = and Ai = ±-^^ to eqs.(|l4D are not 
consistent with eqs.([13|). It turns out that ioi R < R* = ^ there exists only the trivial 
solution [Aq = const, and Ai = 0) to eqs.(|l^, while for R> R* there will appear many 
other (nontrivial) solutions. This result may be seen by noting that a vacuum configura- 
tion with Ai ^ can be realized only when ^40 = and IniAi = 0, and then by solving 
eqs.(0) with the boundary conditions (p^Sf). The vacuum configuration for Aq and Ai, 
which minimizes S[Aq, Ai, R], has finally been found to be 

,.,„,, f arbitrary constant for R < R* 

(^'(^"•"^ =0 tor rZr'. 



ioT R< R* 

2ku. 
9 



(Ai(x^y)) - <! 2fc.g^(^(^_^^)^^) fo^ ^>^.^ (17) 



with u! = /7—J-2 - Here, sn{u,k) is the Jacobi elhptic function whose period is 4:K(k), 
where K{k) denotes the complete elhptic function of the first kind. The parameter k 
{0 < k < 1) and the radius R should be related through the equation 

K(k) , , 

R = ^-^. 18 

TTUJ 



Note that as k runs from zero to one the right hand side of eq. ([T8|) increases monotonically 
from R* = j^ to infinity. As expected in the previous section, a phase transition occurs 
ai R = R* and the translational invariance for the S'^-direction is spontaneously broken 
for R > R*. 

We would like to comment on the normal modes of oscillation about the vacuum 
configuration for R > R*. In the previous section, we have observed that some of Fourier 
modes might have negative squared masses for R> R*. This is merely due to the fact that 
we have not taken the true vacuum configuration for R > R*. In fact, we can show that 
all squared masses are positive semi-definite, as they should be, if the fields are correctly 
expanded in the normal modes of oscillation about the true vacuum configuration ( p!7| ) 
Q. We may then find three massless modes (in a sense of real degrees of freedom): One 
is bosonic and two are fermionic. The massless fermionic (bosonic) modes correspond to 
the Nambu-Goldstone modes associated with spontaneous breakdown of supersymmetry 
(the translational invariance for the S'^-direction). 

4 O'Raifeartaigh Mechanism vs. Ours 

In this section, we would like to point out that our mechanism may be observed as the 
O'Raifeartaigh type of supersymmetry breaking at low energies, even though we will also 
point out several differences between the O'Raifeartaigh mechanism and ours. 

We shall first summarize general settings to construct supersymmetric models based on 
our mechanism. Let A^ be a (would-be) supersymmetric vacuum configuration satisfying 
V{Ai) = or g^ '' = for all j. Suppose that some of space dimensions are compactified 
on a manifold which should be translationally invariant and be multiply-connected, like 
S^. We then impose nontrivial boundary conditions on superfields, which have to be 
consistent with global symmetries of the theory. The crucial point is that the boundary 



**We have not, however, found any simple relations between bosonic and fermionic masses, such as 
eqs.(|ll|), though we can formally prove the vanishing of the supertrace Strm^ in the whole space of the 
spectrum. 



conditions have to be chosen to prevent some of vacuum expectation values of Ai from 
taking the values A- It turns out that at least two chiral superfields are required for 
our mechanism to work in Wess-Zumino type models and that the model presented in 
Sect. 2 is the minimum one. This may be contrasted with the O'Raifeartaigh mechanism, 
in which at least three chiral superfields are required. In the O'Raifeartaigh mechanism, 
superpotentials W{Ai) should be chosen such that there are no consistent solutions to the 
equations 

^^0 fcall, (19) 

On the other hand, in our mechanism superpotentials will be chosen to have (would-be) 
solutions to eqs.(P^ but to have no solutions if we further impose boundary conditions 
on Ai, which have to be inconsistent with eqs.(^). In this point, our mechanism is 
apparently different from the O'Raifeartaigh one. 

Let us next discuss a resemblance between the two mechanisms. To make our dis- 
cussions simple, we will consider the model studied in Sect. 2 again. Let W{aQ ,a[ ) 
be the superpotential for the Fourier modes given in eq.(^. Since the mode expansions 
(§) have been done in a consistent way with the boundary conditions ([13D , we may not 
need to take care of boundary conditions any more, as long as the Fourier modes % 
and Oi are considered. Then, supersymmetry breaking might be observed by showing 
that the equations 

have no consistent solutions. In this sense, our mechanism might be thought of as a kind 
of the O'Raifeartaigh one, though the model consists of infinitely many (Kaluza-Klein) 
modes. To see the resemblance between two mechanisms more explicitly, let us look at the 
model from a low energy point of view. To this end, we shall restrict our considerations to 
the light five bosonic modes, % ,% and al ^ and simply put other "heavy" modes 
to be zero. We may then find the equations ( |20D for % ,aQ and % to be 

27ri?A2 



{a^r^f = 0, 



g' 



.(0)At1) , „(T2)„(±1) 



a'^>a\-''>+a',-''>a'{''> = 0, (21) 



^^^^For R > R* , the fields should appropriately be expanded in the normal modes of oscillation about 
the true vacuum configuration (Q). 



respectively. It is easy to see that these equations have no consistent solutions. This 
observation suggests that our mechanism may be observed as the O'Raifeartaigh type of 
supersymmetry breaking at low energies. 

5 Comments 

We have studied a simple 3+1-dimensional supersymmetric model, in which one spa- 
tial dimension is compactified on a circle, to illustrate our spontaneous supersymmetry 
breaking mechanism. It has been shown that supersymmetry is spontaneously broken for 
R > and also that the translational invariance for the S'^-direction with the global Z2 
symmetry is spontaneously broken for R > R*. These results will not be specific to this 
model but are expected to be general features of our mechanism. 

We should make a comment on the Scherk-Schwarz mechanism [[^]. One might impose 
nontrivial boundary conditions associated with a ^/(l)^ symmetry. Then, bosonic com- 
ponents of superfields may satisfy different boundary conditions from fermionic ones. A 
crucial difference between the Scherk-Schwarz mechanism and ours is that the breaking a 
la Scherk-Schwarz is explicit rather than spontaneous at the level of global supersymme- 
try. Another difference is that the Scherk-Schwarz mechanism will work for any choice of 
superpotentials, just like supersymmetry breaking at finite temperature, while our mech- 
anism will not. 

The final comment is as follows: An interesting supersymmetry breaking mechanism by 
compactification has been proposed by Dvali and Shifman P] , who have called it dynam- 
ical compactification. The authors have suggested the idea that our Universe could spon- 
taneously be generated in the form of a four-dimensional topological or non-topological 
stable defect in higher-dimensional spacetime and that the low-energy observers trapped 
in the core of the defect would not detect supersymmetry, although the vacuum of the 
original higher- dimensional theory is fully supersymmetric. What we would like to point 
out is that the supersymmetric model presented in Sect. 2 may be thought of as an explicit 
realization of dynamical compactification in the limit oi R —>■ 00 {k —>■ 1) . In this limit, 
the vacuum expectation value of (Ai(x^,y)) becomes 

<^i^^''^))L=oo = ^t^^h (^-^{y - yo)) . (22) 

This is a single kink solution, which is just one of the topologically stable defects discussed 



in the paper |^ . A key difference from the Dvah-Shifman approach is that the topologically 
stable solution (|2^) has been chosen as the vacuum configuration in our model (but not 
chosen by hand). This could be an advantage of our approach. 

We hope that our mechanism might shed new light on supersymmetry breaking. It 
would be of great importance to construct phenomenologically realistic supersymmetric 
models based on our approach. 
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